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An integrated framework for solid modeling and structural analysis of
layered composites with defects
Abstract
Laminated fiber-reinforced polymer (FRP) composites are widely used in aerospace and automotive
industries due to their combined properties of high strength and low weight. However, owing to their complex
structure, it is difficult to assess the impact of manufacturing defects and service damage on their residual life.
Non-destructive evaluation (NDE) of composites using ultrasonic testing (UT) can identify the presence of
defects. However, manually incorporating the damage in a CAD model of a multi-layered composite structure
and evaluating its structural integrity is a tedious process. We have developed an automated framework to
create a layered 3D CAD model of a composite structure and automatically preprocess it for structural finite
element (FE) analysis. In addition, we can incorporate flaws and known composite damage automatically into
this CAD model. The framework generates a layer-by-layer 3D structural CAD model of the composite
laminate, replicating its manufacturing process. The framework can create non-trivial composite structures
such as those that include stiffeners. Outlines of structural defects, such as delaminations detected using UT
of the laminate, are incorporated into the CAD model between the appropriate layers. The framework is also
capable of incorporating fiber/matrix cracking, another common defect observed in fiber-reinforced
composites. Finally, the framework can preprocess the resulting 3D CAD models with defects for direct
structural analysis by automatically applying the appropriate boundary conditions. In this paper, we show a
working proof-of-concept of the framework with capabilities of creating composite structures with stiffeners,
incorporating delaminations between the composite layers, and automatically preprocessing the CAD model
for finite element structural analysis. The framework will ultimately aid in accurately assessing the residual life
of the composite and making informed decisions regarding repairs.
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Abstract
Laminated fiber-reinforced polymer (FRP) composites are widely used in aerospace and automotive industries due to their com-
bined properties of high strength and low weight. However, owing to their complex structure, it is difficult to assess the impact of
manufacturing defects and service damage on their residual life. Non-destructive evaluation (NDE) of composites using ultrasonic
testing (UT) can identify the presence of defects. However, manually incorporating the damage in a CAD model of a multi-layered
composite structure and evaluating its structural integrity is a tedious process. We have developed an automated framework to
create a layered 3D CAD model of a composite structure and automatically preprocess it for structural finite element (FE) analysis.
In addition, we can incorporate flaws and known composite damage automatically into this CAD model. The framework gener-
ates a layer-by-layer 3D structural CAD model of the composite laminate, replicating its manufacturing process. The framework
can create non-trivial composite structures such as those that include stiffeners. Outlines of structural defects, such as delamina-
tions detected using UT of the laminate, are incorporated into the CAD model between the appropriate layers. The framework is
also capable of incorporating fiber/matrix cracking, another common defect observed in fiber-reinforced composites. Finally, the
framework can preprocess the resulting 3D CAD models with defects for direct structural analysis by automatically applying the
appropriate boundary conditions. In this paper, we show a working proof-of-concept of the framework with capabilities of creating
composite structures with stiffeners, incorporating delaminations between the composite layers, and automatically preprocessing
the CAD model for finite element structural analysis. The framework will ultimately aid in accurately assessing the residual life of
the composite and making informed decisions regarding repairs.
Keywords: Composite Structures Modeling, CAD Model Generation, Automatic Preprocessing, Delamination Modeling, CAD
and FE modeling
1. Introduction
Laminated fiber-reinforced polymer (FRP) composite mate-
rials are being increasingly used in automobile and aircraft in-
dustries due to their high strength-to-weight ratios. Recent de-
velopments in composite production allow replacement of the
structural elements of high performance air and ground vehi-
cles with composite counterparts. An example of these devel-
opments is the composite wings and fuselage of the Boeing 787
Dreamliner. Due to the increasing use of composites in criti-
cal structural parts of such vehicles, it is important to assess the
residual strength of composites, in the presence of production
defects or in-service damage. Ultrasonic Non-Destructive Eval-
uation (NDE) is the preferred method for identifying composite
defects such as delaminations. Although ultrasonic testing can
be used to identify the presence of such defects, in order to de-
termine the structural integrity of the composite, the damage
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needs to be modeled. However, there are no reasonable auto-
mated methods to create a concrete CAD representation of the
composite structure and then incorporate a model of the damage
to evaluate their structural integrity.
Inspection
Internal 
Defect
Ultrasonic Testing 
Waveform Dataset
Determine Position 
and Shape of Defect
Inclusion of Defect in FE 
Model
Figure 1: Illustration of the steps required to incorporate defects into compos-
ite models and perform structural finite element analysis.
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In this paper, we propose an automated framework to model
the composite structure using CAD modeling tools and incor-
porate defects measured using ultrasonic testing. The frame-
work can then build a structural finite element (FE) model that
can be used to assess the residual strength of the composite
laminates (Figure 1). Performing FE analysis of the complete
layered composite structure for large-scale components such as
aircraft fuselage is prohibitively expensive. Hence, we focus on
a small region of the composite structure to perform the layered
FE analysis. This layered region can then be attached to the
shell model of the entire structure using suitable boundary con-
ditions. The modeling framework is a class library that can per-
form virtual manufacturing of small regions of laminated com-
posite structures. It can create a detailed layer-by-layer CAD
model and a corresponding script to preprocess the layers for
FE analysis. In addition, it can insert flaws into the layer as-
sembly to represent the structural significance of defects.
The framework provides a set of functions that operate anal-
ogous to the manufacturing process for composite laminates.
Manufacturing a composite laminate involves creating a mold,
and then placing multiple layers of fiber over the mold, and glu-
ing them together. The framework includes classes represent-
ing such a layer, and implements operations such as creating a
layer that follows a mold shape, creating a layer that follows
a previous layer’s shape, and bonding layers together with or
without a defect. The multiple laminae in the structure are gen-
erated by offsetting layers from the mold shape, represented us-
ing non-uniform rational basis spline (NURBS) surfaces. The
framework abstracts the CAD operations for creating a multi-
layered laminate structure, which can get tedious if each layer
is manually created. In addition, manual creation of the layered
structure for curved laminates can lead to small gaps between
the layers, which can lead to failure of the FE analysis. The
framework overcomes these issues by keeping track of the off-
set faces of each layer and using them as mold surfaces for any
subsequent layer, ensuring that the surfaces between the layers
are exactly the same for any two adjacent layers.
CAD-based finite element analysis generally involves three
major steps: (1) Creating or loading a solid model, (2) applying
boundary conditions, and (3) generating a mesh and solving for
a numerical solution. These three steps are usually performed
manually, and for many simple models, it is sufficient. For a de-
tailed layer-by-layer solid model of a laminate–especially one
with defects–it is prohibitively tedious, complicated, and error
prone to manually apply the correct boundary condition to each
boundary. Automatically applying all the correct boundary con-
ditions can be very difficult in practice. The challenge is to cre-
ate the boundary condition between the two surfaces as they
are being created or assembled. Unfortunately, finite element
analysis software do not generally allow assigning of boundary
conditions until the entire model is complete (and if they do, it
may be incorrect if the face numbering subsequently changes
due to model changes). Hence, the intended boundary condi-
tions need to be stored during the model construction phase,
and then assigned later once the model is complete. Our frame-
work keeps track of the layers during the model construction
process and correctly assigns the boundary conditions.
The framework provides a highly customizable and user-
friendly systems solution to the problem of structural analy-
sis of laminated composites. It makes use of industry-standard
tools to develop a well-defined, structured system based on the
manufacturing process of composite laminates. The framework
is highly flexible to implement new features or customize exist-
ing ones for modeling different aspects of composite structures.
In order to automate the finite element analysis, the framework
auto generates code to apply the appropriate boundary condi-
tions between the layers of the laminated structure. The main
contributions of this paper include:
• A composite CAD model builder that can create layer-by-
layer CAD boundary representation of a composite struc-
ture from user-defined instructions that follow the compos-
ite manufacturing process. The CAD model builder sup-
ports creation of curved composites and composite struc-
tures with stiffeners.
• An automated pipeline to incorporate concrete representa-
tions of composite defects such as delaminations and fiber
breakage.
• A finite element model builder that can generate a script to
assemble the layered composite structure and to apply ap-
propriate boundary conditions between the composite lay-
ers for both intact and defect regions.
• A code generation architecture that permits the CAD and
FE models to be generated in parallel.
This paper is arranged as follows. In Section 2, we highlight
some of the related work relevant to our modeling framework.
In Section 3 we discuss the different components of the com-
posite modeling framework. We then show the application of
this framework in modeling 3D representations of the compos-
ite laminates and perform structural analysis in Section 4. Fi-
nally in Section 5, we outline some methods by which the pro-
posed framework can be extended to other CAD and FE pack-
ages.
2. Background and Related Work
We follow the FRP composite laminate manufacturing pro-
cess to create an easy-to-use API for designers. A FRP laminate
is composed of layers (or plies) of fibers, such as glass or car-
bon fibers, embedded in a matrix material, such as epoxy resin.
The layers with different lay-up orientation of fibers are glued
to each other using a predefined stacking sequence for desired
mechanical strength. After the lay-up process, the composite
laminate is vacuum-molded or heated in a pressure vessel (au-
toclave), to cure the epoxy resin [17].
Composite laminates are expensive to manufacture due to the
complexity of the layup process. However, it is possible to pro-
duce lighter and higher strength structural elements that can be
directly used in mission-critical applications. Similar to any
other types of materials, defects in composite structures might
occur during production or in service. The anisotropic and non-
homogeneous nature of composites combined with their lay-
ered structure makes the detection and characterization of de-
fects difficult.
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Figure 2: Components of the layered composite modeling framework. The CAD Model Builder is used to generate a layered composite structure and the FE model
builder generates a script that can assemble the layers, apply appropriate boundary conditions, and perform structural finite element analysis.
Non-destructive evaluation (NDE) methods can be used for
damage characterization of composite structures. Deng et al.
[6] developed a graphical user interface for visualization of
NDE data superimposed on composite structures. A recent
study by Smith et al. [16] introduced a method to incorporate
defects into 3D CAD models of composite laminates using data
from micro-CT X-Ray and ultrasound. Bliznakova et al. [3]
also developed a framework for generating computational mod-
els of small CFRP composite parts for use with NDE X-Ray
imaging. However, these researches focused on simplified ge-
ometries and were not designed for automation.
Most layer-by-layer models are very simple geometries for
mechanistic structural analyses. Previous studies on model-
ing of composite laminates mostly focused on simulation of
composite structural behavior using FEA in the sense of math-
ematical representations of microstructures for ”virtual testing”
[5, 7, 12, 14]. Recently, a method to describe isogeometric anal-
ysis of shell models of composite laminae with curved shapes
using NURBS representations in order to predict the failure
mechanisms has been studied by Guo and Ruess [8]. These
studies mostly focused on stress development on crack tips.
Delamination is a common type of defect that can reduce
the mechanical strength and stability of the layered composite
and cause catastrophic failures at unexpectedly low loads [4].
Delamination is the separation of interior layers of a compos-
ite laminate caused by manufacturing defect or impact dam-
age [11] and it usually grows under shear stress [15]. It is
possible to incorporate delaminations into FE models by first
meshing the geometry and then duplicating the nodes that lie
on the delamination without any linking between them, which
will allow separation. However, using this approach the CAD
model needs to be re-meshed after every step of delamination
growth, which can be computationally intractable. In this pa-
per, we include the delamination as part of the CAD model by
splitting the adjacent faces of the layers into delaminated and
intact regions. In addition, we model the delamination using
cohesive surfaces that allow for the delamination to grow with-
out remeshing each step.
3. Framework for Modeling 3D Composite Structures
Our composite modeling framework provides an automated
application programming interface (API) that is capable of
creating customized 3D CAD models representing the lay-
ered structure of a composite laminate and apply user-defined
boundary conditions for structural analysis using a finite ele-
ment analysis (FEA) software. The framework can be used
to process defect data, which is obtained using non-destructive
evaluation (NDE) of FRP composite samples and incorporate
them into 3D models of the composite laminate. Finally, the
framework can be used to preprocess the model for structural
analysis using FEA by applying the appropriate cohesive and
contact boundary conditions between the layers of the laminate.
3.1. Components of the Framework
Automatically applying The automated framework consists
of there major components, the CAD Model Builder, the Fi-
nite Element (FE) Model Builder, and the Model Builder API.
An overview of the framework showing the details of these
three major components is shown in Figure 2. The CAD Model
Builder implements the set of operations for constructing the
layers, imprinting delaminations, and identifying adjacent faces
for the FEA software. It uses a commercial solid modeling ker-
nel, ACIS, to generate the laminae and incorporate the defects.
Our API abstracts the solid modeling kernel functions from the
user and provides functionality that is focused on generation
of composite laminates and for incorporation of defects. The
FE Model Builder implements the set of operations required
to construct a finite element model using the ABAQUS FEA
package. The ABAQUS programming interface is used to ap-
ply the appropriate boundary conditions, external loading, ma-
terial properties, and meshing. The combined Model Builder
API expresses high-level lamina operations, such as creating
and bonding layers, in terms of CAD model builder and FE
model builder operations. The code generator allows CAD and
FE operations, written as if to be performed in parallel, to exe-
cute in the intricate sequence required by FE software.
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Figure 3: Illustration of layer generation and bonding steps of the automated framework.
3.2. Integrating CAD and FE Analysis
Integrating CAD and FE analysis involves automatically ap-
plying all the correct boundary conditions, which can be very
challenging in practice. The intended boundary conditions need
to be stored during the model construction phase, and then as-
signed later once the model is complete. An obvious approach
to storing boundary conditions is to define a data structure that
describes the desired boundary conditions in detail, which can
be populated during model creation. The issue with such an
approach is that it is inflexible; the data structure must antic-
ipate every possible boundary condition that may be desired
later (the same problem applies to meshing as well). As a con-
sequence, adding new boundary condition types to the frame-
work will break backward compatibility; and will render any
model generated using the previous version of the framework
obsolete.
In a previous effort, Holland et al. [9] used anonymous func-
tions as a vehicle to pass instructions for assigning boundary
conditions from the model creation phase to the boundary cre-
ation phase. Anonymous functions are generated on the fly dur-
ing the execution of the code. The anonymous function would
be automatically defined when the model was created with code
to identify the correct faces and apply the correct boundary
condition. It would be stored with the model, and then exe-
cuted later during boundary condition phase to assign the cor-
rect boundary conditions. The major drawback of this tech-
nique was that the model creation phase and boundary condi-
tion phase is executed in the same context by the same inter-
preter making separate phases tightly bounded to each other.
In building this modeling framework for composite lam-
inates, we similarly need to store the boundary conditions
between model creation and boundary condition assignment
phases. However, we did not want to combine the phases so
closely under the same execution environment as would be re-
quired to use anonymous functions from the model creation
phase in the boundary condition assignment phase. We wanted
to keep the solid modeling operations using the ACIS solid
modeling kernel separate from the finite element operations ex-
ecuted under ABAQUS’s scripting interface. Hence, we devel-
oped an alternative solution that achieves similar results, with-
out using anonymous functions.
We created proxy objects and classes for the FE Model
Builder that store the sequence of operations that is performed
rather than executing the operations immediately. Any objects
that are created or returned are proxy objects that represent the
result of the operation that has not yet been performed. Opera-
tions on the proxy objects get stored as well. Eventually, after
the CAD Model Builder is complete, the sequence of FE Model
Builder operations can be exported as generated code and ex-
ecuted within ABAQUS’s scripting interface. This code loads
the solid model into ABAQUS, applies the specified boundary
conditions, generates a suitable mesh, and performs the struc-
tural analysis. The validity of using ABAQUS with composites
has been shown previously in different studies [10, 20].
In this way, CAD Model Builder and FE Model Builder op-
erations can be intermingled within the modeling framework.
The CAD Model Builder operations are executed immediately,
whereas the FE Model Builder operations are separated into
different queues and executed in the order required by the
ABAQUS FEA package. An illustration of the usage of the
framework for creating a 2-layer composite structure is shown
in Figure 3. As a result, the boundary conditions on the finite
element model are applied correctly without requiring a com-
plicated data structure.
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3.3. CAD Model of the Composite Laminate
We generate the 3D CAD model of the layered compos-
ite structure using the CAD Model Builder. This component
follows the operations performed during manufacturing of the
composites. It creates the composite structure layer-by-layer;
and similar to a real production, requires a mold and a thick-
ness to construct each layer.
The initial mold of the CAD Model Builder is a parametric
NURBS surface. NURBS is the de facto industry standard for
representing curves and surfaces using control points and basis
functions, which are controlled by knot vectors [13, 19]. We use
a custom-built NURBS library to manage the NURBS objects
in the CAD Model Builder component. This NURBS library
requires the degrees, knot vectors, and control point grid to cal-
culate the initial mold surface. In addition, this NURBS sur-
face can also be automatically extracted from an existing shell
model. This initial mold surface is called original face in the
framework to represent the mold in the FRP composite pro-
duction process. The solid modeling kernel takes this NURBS
surface and converts it to a sheet body, which is the CAD rep-
resentation of a body with no thickness. The framework then
uses the thickening operation to generate the final closed solid
body, as illustrated in Figure 4(a).
We can make use of either sweeping or thickening to create
the solid model of the composite lamina from the mold surface.
The mold surface can be swept along a user-defined path [18],
to create a closed solid model of the lamina. Thickening [18]
differs from the sweeping operation in that it generates an off-
set of the initial sheet body in the given thickness direction, and
then generates the side faces between the original and the offset
surfaces to create closed 3D solid body. The thickening opera-
tion generates a more realistic representation of the composite
lamina, since it creates a solid body with uniform thickness.
Succeeding layers can be generated using either the original
mold surface or the offset surface from the previous layer as
mold. The original face and the offset face of the initial layer
are used to generate layers in the positive or negative direc-
tions, respectively. The generation of the next layer using an
existing layer is illustrated in Figure 4(b). Based on the user
input for the new layer direction, the framework determines the
correct face and calculates the new mold for the chosen direc-
tion. The framework then calls the solid modeling kernel to
perform the thickening operation and generate the new layer as
a closed solid body from the calculated mold. However, the
solid modeling kernel does not store any meta-data regarding
the composite structure in the solid body object. Therefore, ev-
ery time a new layer is generated from an existing layer, our
framework traverses through all the faces of the existing layer
to find the appropriate original and offset faces for the chosen
layer generation direction.
3.4. Incorporating Stiffeners into the CAD Model
The CAD Model Builder has the ability to incorporate stiff-
eners into the 3D representation of the composite laminates.
Stiffeners are mainly used to increase the bending rigidity of
structural materials. Composite stiffeners have special designs
to accommodate the layered structure. A commonly used stiff-
ener, ”hat” stiffener, has a trapezoidal cross-section over which
additional layers are bonded. Figure 5 illustrates the process
of incorporating a hat stiffener to the composite laminate and
generation of layers over the stiffened structure.
The hat stiffener cross-section is provided by the user as in-
put. The framework then creates a closed wire body from this
input and sweeps the newly generated wire body parallel to the
offset face of the topmost layer. This creates the solid model of
the hat stiffener on top of the composite laminate. Following the
actual production process of composites, the framework bonds
the hat stiffener on top of the composite laminate by imprint-
ing the adjacent faces of the hat stiffener and the offset faces
New layers 
generated using 
the new mold
Existing layers
Hat stiffener A new mold is 
generated for the 
subsequent layers
Figure 5: Illustration of the process of adding a hat stiffener onto the exist-
ing composite laminate. After placing the hat stiffener mold (orange) on top
of the existing layered structure, a new mold (yellow) is generated for the sub-
sequent layers which will be placed on top of the stiffened structure. For this
illustration, new layers generated in positive (upward) direction use this up-
dated mold shape, whereas the new layers generated in negative (downward)
direction would use the planar-shaped mold.
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of the top layer. This imprinting operation splits and generates
new faces on the offset surface of the topmost layer. To gen-
erate new layers above the stiffener, the framework creates a
new mold using the shape of the combined topmost faces of the
layer and the hat stiffener. The mold is created by stitching the
copies of the free faces of the top layer and the copies of the
faces of the hat stiffener in the offset direction and creating a
sheet body. The framework then uses the new stiffener-shaped
mold for generating new layers on top of the hat stiffener.
In production of FRP composites, the stiffener shape may be
removed after the composite structure is manufactured. The
CAD Model Builder can replicate the stiffener removal pro-
cess by removing the solid body representing the stiffener from
the final CAD output and removing the corresponding adjacent
faces used for applying boundary conditions.
3.5. Incorporating Defects into the CAD Model
In the actual production process of composites, each layer is
placed down on the existing composite laminate or mold and
then glued. This step of the FRP composite production process
is replicated by the framework. After the layers are generated,
using the bonding methods of the framework, the adjacent faces
of the layers are imprinted [18, 19] to each other. This doesn’t
have any effect on the layers that are not modified to incorporate
defects. However, this imprinting step is crucial for layer faces
having defects, such as delaminations.
The process of incorporating delaminations to the CAD
model of the laminates involves an input of the 3D coordinates
of the delamination outline and the layers between which the
defect will be incorporated. The framework converts the 3D co-
ordinates into a closed wire, represented using a b-spline curve.
The framework then finds the offset face of the first chosen layer
and the original face of the second chosen layer and imprints the
projected delamination shape onto these faces. The projection
is an important and required step for incorporating the delami-
nation shape between the chosen layers as the layers might have
been generated from a non-planar shaped mold and the wire
should conform to the actual layer shape. The steps for incor-
porating a delamination into the composite laminate model is
illustrated in Figure 6. Imprinting a closed delamination outline
onto a face splits it into two faces, representing the delaminated
and the intact regions, respectively.
Split operation
Blank body
(Layer to be split)
Tool body
(as a sheet body)
Split layer
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Intersection plane
Figure 7: Illustration of splitting layers using a sheet body. The Sheet body
can be a NURBS surface or a plane defined a point and a direction vector.
Extend Fiber 
Breakage
Figure 8: If the fiber breakage does not extend to the end of the composite
region, the surface is extended to the closest edge. Appropriate tie boundary
condition is then applied to the intact (pink) region.
Our framework also has the ability to replicate fiber break-
age within a composite layer. Fiber breakage is the unexpected
breaking of the reinforcement fibers in the composite during
production or in-service conditions, reducing the mechanical
strength and durability of the composite. The framework can
introduce fiber breakage defects into a layer by splitting it into
two solid models using the curved surface of the fiber-breakage.
This creates two separate solid bodies in the layer structure
(Figure 7), resulting in the generation of multiple faces on the
offset and original sides of the layer. These newly generated
faces are imprinted on the adjacent layer faces in the original
and offset directions, respectively, to maintain the consistency
in applying the boundary conditions during the finite element
analysis of the final composite structure. If the fiber breakage
does not extend to the boundaries of the layer, we extend the
fiber breakage surface to the closest face of the layer on both
ends. We then apply tie boundary conditions to these extension
faces that treats this region as intact in the structural analysis.
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3.6. Processing NDE Data to Identify Delaminations
The ultrasonic NDE data processing techniques described in
Bingol et al. [2] is used to obtain the 3D coordinates of the de-
lamination outline from raw ultrasonic testing data. We briefly
outline the techniques in this paper for completeness. Front-
wall correction is first applied to the raw ultrasonic testing data
to correct for variations in the location of the top surface. This
then helps in identifying the location of the delamination be-
tween the corresponding plies of the composite laminate. Once
the delamination shape is located, it is extracted and cleaned
using erosion/dilation methods commonly used in binary seg-
mentation. After the image cleaning step, the outline of the
resultant delamination shape is extracted using edge detection.
The outline is then input to the CAD Model Builder as a set
of 3D coordinates, and can directly be used by the automated
framework for defect incorporation.
3.7. Structural Analysis Using the Cohesive Model
The framework uses a cohesive model [1] to simulate the
bonding between the different layers of the laminated structure.
An example of the use of cohesive model in the presence of de-
laminations is shown in Figure 9. In the cohesive model, the
bonded regions are modeled using a force-displacement rela-
tion between the laminae of the composite that can represent
debonding and enables simulation of delamination growth.
A contact boundary condition is applied to the delaminated
region, which prevents the interpenetration of the surfaces of
the lamina in the delaminated region while allowing for the lam-
ina to separate freely. To assist convergence of the 3D structural
models, a region of free boundary without any cohesive or con-
tact model is used denoted as the No Model Zone. The border of
the cohesive zone is meshed using appropriately small elements
to allow for delamination growth in dynamic simulations.
The No Model Zone is concretely represented in the CAD
model by offsetting the delamination shape inward. Then this
offset shape is imprinted on the surfaces between the laminae
to generate theContact and the No Model Zone. The FE Model
Builder is then used to apply contact boundary conditions to the
region bounded by the innermost outline and cohesive bound-
ary conditions to the region outside the outermost outline. An
example of this operation is shown in Figure 11(d).
Each face in the composite model is uniquely identified us-
ing a point and normal vector pair, which can be used to ap-
ply the appropriate boundary conditions to the face. However,
these point and normal vector pairs need to be initialized when
Cohesive Model Zone
Contact Model Zone
No Model Zone
Figure 9: Illustration of the cohesive model used for delamination analysis.
each face of the composite model gets generated either through
the layer generation process or through any process that splits
an existing face. Another challenge in finding these points and
normal vectors is that these points have to be inside the surfaces
(not on the boundaries or vertices) in order to unambiguously
identify them while applying the boundary conditions. We have
developed a geometric algorithm that finds a point and a vector
automatically in all trimmed surfaces generated after the im-
printing and splitting operations, such as incorporation of de-
laminations. The framework stores the layer, surface, and mold
data in predefined structures, namely Layer, LayerBody, Layer-
Surface and LayerMold classes. These classes allow the frame-
work to keep track of all generated layers, surfaces, and molds
in addition to their relations between each other. The algorithm
determines points and vectors belonging to each surface in each
layer and stores the evaluated point-vector information along
with the geometrical and topological data created by the solid
modeling kernel.
The geometric algorithm for finding the point-normal pair
inside each surface utilizes the bounding box of the trimmed
surface. A guess point is initialized as the lowest point of the
diagonal of the bounding box. The guess point is then moved
along the diagonal until a point belonging to the trimmed sur-
face is found. However, if the diagonal does not intersect with
the trimmed surface, we fall back to two other algorithms to
find the surface point. One of the fallback algorithms picks
a random point on the trim curve of the surface in 3D space
and moves a small distance along the normal direction to the
trim curve to find a point belonging to the surface. However,
in some cases, the normal evaluation fails (for example, if the
edges are stored implicitly, such as a line equation instead of
a parametric curve). In such cases, we use the second fallback
algorithm that picks a random parametric point on the edge of
the trim curve in the parametric space and translates this point
along a random direction. The edge point is then repeatedly
translated along different random directions until a point inside
the trimmed surface is found. In practice, we found that these
algorithms are sufficient to find a point normal pair that lies in-
side the trimmed region for each trimmed surface. After finding
the points corresponding to the all trimmed surfaces, the frame-
work uses solid modeling kernel to find the normal vector of
the surface at the point.
After finding the point-vector pair that identify the delami-
nated and non-delaminated trimmed surfaces, the CAD Model
Builder finds surfaces adjacent to each other to aid in the bond-
ing step during the finite element model generation. The bond-
ing step is analogous to bonding the composite laminates in
composites manufacturing, in which all layers are glued to each
other. The adjacent surface information is evaluated using the
the data stored in the Layer classes. To identify that two sur-
faces are geometrically adjacent to each other, the algorithm
uses the stored point-normal pairs of each surface. If these
points lie inside the surfaces and the vectors are anti-parallel
(up to a predefined tolerance value), the surfaces are marked ad-
jacent. CAD Model Builder component takes this information
to build up a list containing point-vector couples of all adjacent
faces and passes this to the FE Model Builder.
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3.8. Model Builder API
The combined Model Builder API to the framework handles
the user-input and distributes the corresponding API calls to ei-
ther the CAD Model Builder or the FE Model Builder in the
required order. In addition, to facilitate the dynamic genera-
tion of a finite element processing script based on the output of
the CAD Model Builder, a code storage and generation scheme
is adopted. The code generation must be able to queue up FE
preprocessing commands and generate the script which will be
input to ABAQUS to run the analysis. The code storage ca-
pability allows the user to add commands to different storage
categories (model initialization, internal boundary conditions,
assembly commands, external boundary conditions, and mesh-
ing commands), which are executed in the order required by
ABAQUS.
The model initialization instructions initialize and handle any
importing of the CAD model. The assembly commands in-
stantiates the individual laminae as ABAQUS parts based on
the geometry imported from the CAD Model Builder. The in-
ternal boundary conditions specify the regions that need to be
bonded using continuity, bonded using cohesion, or assigned
a contact interaction property. The external boundary condi-
tions apply additional force or displacement boundary condi-
tions. The meshing instructions seed and instantiate a suitable
mesh with appropriate meshing parameters. For example, the
laminae that contain a delamination can be meshed using free
tetrahedral elements, while laminae free of delaminations can
be meshed with swept quadrilateral elements. Finally, the anal-
ysis is submitted to the ABAQUS FE solvers.
4. Application of the Framework to Model Composites
In this section, we show the application of our framework to
create several examples of CAD models of multi-layered com-
posite structures, incorporating delaminations or fiber break-
age, and generating a script that can be used to perform static
structural analysis on the resulting composite model.
4.1. Sample Composite with Impact Damage
We used a CFRP sample that was impact damaged as our
initial test sample to obtain a delamination outline. The sample
was measured using bi-directional ultrasonic testing. The shape
and location of the region of interest with respect to the laminate
structure is used to correctly register the scan. Figure 10(a)
shows the composite sample used and the 2× 2 in2 scan region.
4.2. 3D Models of Composites
The CAD Model Builder is capable of generating a layer
from any mold surface, represented as NURBS, with a user-
defined thickness value that match the desired composite struc-
ture. Figure 11(a) displays the 8-layered 3D composite laminate
generated from a sample 3rd degree curved NURBS surface and
Figure 11(b) displays the 8-layered 3D composite laminate gen-
erated from a planar surface. The CAD Model Builder gener-
ates every layer as a separate body and does not perform any
boolean unite operation, since this would remove the internal
(a)
(b)
Figure 10: (a) A photograph of the composite sample analyzed using bi-
directional ultrasonic testing scan. The yellow outline shows the region of inter-
est with the size of 2× 2 in2 indicating the location where the ultrasonic testing
scan was run. The top view of the ultrasonic scan data is incorporated inside
the yellow outline for illustration of the delamination shape. (b) The isometric
(left) and side (right) views of the volumetric rendering of the ultrasonic data
of sample indicating the delamination shape in red color. The side view shows
the delamination between the layers after the composite laminate is damaged.
surfaces. The layers are glued to each other by the FE Model
Builder component of the automated framework as instructed
by the Model Builder API.
4.3. Incorporating Stiffener to the 3D Composite Model
The CAD Model Builder is capable of generating layers us-
ing the mold shape generated by the combination of the planar
layer and the trapezoidal hat stiffener. As described in the Sec-
tion 3.3, the stiffener element is generated from a user-defined
trapezoidal shape that is swept horizontally along the layer to
generate a trapezoidal prism, representing a hat stiffener placed
on top of the composite structure. Figure 11(c) displays an ex-
ample of such a composite structure. After generating the first 4
planar layers, a hat stiffener is generated on top of the 4th layer
and the succeeding 4 layers are generated with the new mold
shape that includes the stiffener. The stiffener is either bonded
to the composite structure or removed based on user require-
ment.
Generating the correct geometry of the stiffened layers re-
quires performing the thickening operation instead of sweep-
ing. Figure 12 compares the thickness differences between
swept and thickened offset surfaces of the stiffened layers. The
sweeping operation leads to thickness variation along the in-
clined faces.
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(a) 8-layered composite laminate model
generated from a curved surface.
(b) 8-layered composite laminate model
generated from a planar surface.
(c) 8-layered composite laminate model
with hat stiffener.
(d) 8-layered planar composite laminate
wireframe model showing the delamina-
tion between 2nd and 3rd layers.
Figure 11: Some examples of the 3D composite laminate models generated by the automated framework. Individual layer thickness is 0.199mm.
0.199mm
0.177mm
(a) (b)
Figure 12: Thickness analysis of the stiffened layers generated using (a) sweeping operation, and (b) thickening operation.
4.4. Incorporating Delaminations to the 3D Composite Model
The CAD Model Builder is capable of incorporating delami-
nations extracted from ultrasonic scans between the layers of
the composite structure. Figure 11(d) shows the wireframe
model of the 3D 8-layered planar composite laminate with the
delamination incorporated between the 2nd and 3rd layers. In or-
der to generate the cohesive, contact, and no-model zones (Fig-
ure 9), the CAD Model Builder offsets the delamination outline
(a) (b)
Figure 13: 5-layered planar composite laminates illustrating fiber breakage
of different shapes in the 3rd layer. The user inputs a list of coordinates that
defines the shape of the fiber breakage and the specific layer. The framework
then splits the corresponding layer to emulate the fiber breakage.
inwards, projects both outlines on the layers, and imprints them.
In the case of Figure 11(d), the imprinting operation generates
2 additional faces on the designated layer face representing the
delaminated area in the composite laminate. The inner face is
assigned contact boundary condition and the outer face is as-
signed cohesive boundary condition. The layers are otherwise
bonded with continuity (tie) boundary conditions.
4.5. Incorporating Fiber Breakage
Figure 13 shows two wireframe models of a 5-layered planar
composite laminates with fiber breakage defects. After creating
the specific layer in which the fiber breakage needs to be incor-
porated, the user inputs a list of coordinates that form a curved
path of the fiber breakage. This curved path is converted into
a wire within the automated framework and is projected to the
chosen layer to generate a splitting surface as illustrated in Fig-
ure 7. The splitting operation uses this surface to split the layer
and generates 2 different closed solid bodies, adjacent to each
other. These solid bodies are processed by the framework to
generate correct LayerBody and LayerSurface objects for fur-
ther analysis in the FE software.
4.6. Finite Element Analysis of the 3D Composite Model
The finite element analysis can be configured using user-
defined material properties, external boundary conditions, and
meshing parameters. The end result of the Model Builder API
is a CAD file and a script that can be used by the FE analy-
sis software to set up the structural simulation of the resulting
CAD model from the CAD Model Builder.
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(a) (b) (c) (d)
Figure 14: Bending analysis of a 8-layered composite laminate generated by the automated framework. (a) Location of the delamination on the edge between the
2nd and 3rd layers with the markers representing the fixed boundary conditions for each layer, (b) Loading setup for static bending represented by the arrows along
the -z direction and markers on the edge representing the fixed boundary conditions, (c) Fully deformed composite laminate after static bending, (d) Details of the
layers at the delaminated edge.
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Figure 15: Force (N) vs Displacement (mm) graphs comparing delaminated and non-delaminated 8-layered composite structures at different locations.
Figure 14 shows the results of the structural FE analysis of a
8-layered composite structure with a single edge delamination.
A static force is applied in the downward direction to the bottom
face of the of the 8-layered 3D composite structure for 40 steps.
The applied force is incremented by 3.125 N in each step. The
material properties used in the analysis are: Young’s modulus
E1 = 1.415× 105 MPa, E2 = 8.5× 103 MPa, and E3 = 8.5× 103
MPa; Poisson’s Ratio ν = 0.33 in all directions; Shear Modulus
G12 = G13 = 5.02 × 103 MPa, G23 = 2.35 × 103 MPa; Fiber
angles in the stacking sequence [0,−45, 45, 90, 90, 45,−45, 0].
Figure 14(a) shows the delaminated model; the delaminated re-
gion is marked with a red outline. Figure 14(b) displays the
loading setup for the static bending analysis showing the direc-
tion of the force applied with the small arrows visible on the
model and the fixed boundary conditions. Figure 14(c) shows
the deformed model after the last loading step of the FE analy-
sis. The delaminated edge after the last step of the FE analysis
shows the separation of the layers due to the effect of shear on
the delaminated region (Figure 14(d)). It is also possible to ob-
serve the non-uniformity of the displacement field due to the
delaminations present in the structure.
We expect to see higher displacement values in delaminated
composite structure. Figure 15 compares the displacement val-
ues of two composite models with (red) and without (black)
delamination. In Figure 15(a) the nodes are chosen from the
center location of the free end to analyze the effect of delamina-
tion on the composite structures, and in Figure 15(b) the nodes
are chosen from a position just below the separated layers (also
shown in Figure 14(d)). As expected, higher displacement val-
ues were observed on the delaminated composite structure com-
pared to the non-delaminated one, showing the capability of our
framework in simulating composite structures with defects.
Figure 16 illustrates the effect of fiber breakage on the com-
posite laminates. The 5-layered composite laminate model il-
lustrated in Figure 13 with and without the fiber breakage is
used for the comparison of the deflection at the free end. The
fixed ends are chosen to allow maximum possible deflection on
the laminate with fiber breakage. Stacking sequence used for
both laminate models is [0 -45 0 45 0]. As expected, the lami-
nate with the fiber breakage deflects slightly more than the one
without fiber breakage. At the maximum load of 125 N, the dif-
ference in the displacement between the laminates is 0.023 mm.
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Figure 16: Force vs. Displacement curve comparing the effect of fiber break-
age on the same composite laminate illustrated in Figure 13 with the stacking
sequence of [0 -45 0 45 0]. The ”breakage” label corresponds to the model
with the fiber breakage and ”intact” label corresponds to the same model with-
out fiber breakage. As expected, the composite laminate with the fiber breakage
shows slightly higher deflection than the one without fiber breakage. The inset
graph is the zoomed version that shows the difference between the curves.
Figure 18 illustrates another 8-layered composite laminate
with an edge delamination, stiffener, and a delamination un-
der the stiffener. A trapezoidal hat stiffener element is placed
on top of the 4th layer to set the shape of the mold used to
generate the 5th layer. The stiffener element is later removed.
One of the big challenges during the development of this auto-
mated framework is the introduction of a full-sized delamina-
tion under the stiffener which requires imprinting on the faces
under the stiffener, but only the touching faces have boundary
conditions. Figure 18 shows the analysis results of a stiffened
composite laminate with a delamination between layers 4 and 5
along with an separate edge delamination between layers 1 and
2. As with the previous example, analysis of this model shows
layer separation in the delaminated regions.
The framework is capable of generating composite laminates
with different stacking sequence configurations. This allows
users to observe the interaction between the different stacking
sequences, the structural stiffening elements, and delamination
defects. As an example of measuring the effect of the stack-
ing sequence on the displacement field, a composite laminate
with the same material properties and boundary conditions as
the previous example but with a different stacking sequence of
[0/-90/90/0/0/90/-90/0] is generated using the automated frame-
work and the results are illustrated in Figure 17. The effect of
the delaminations on the uniformity of the displacement field
can be observed since a symmetric stacking sequence is used
during the generation of the composite laminate. In addition to
the effect of the stacking sequence, it can also be observed that
the displacement field becomes non-uniform at both ends of the
delaminated region.
Figure 19 illustrates the capabilities of the automated frame-
work in generating curved laminates with delaminations. We
introduced a delamination between 2th and 3rd layers of a
Figure 17: Bending of the stiffened and delaminated 8-layered composite lam-
inate generated by the automated framework using the stacking sequence of
[0/-90/90/0/0/90/-90/0].
8-layered composite laminate generated from a curved mold
which is also illustrated as a 3D model in Figure 11(a). The
stacking sequence applied during the structural analysis of the
composite laminate is [0 -45 45 90 90 45 -45 0] and all other fi-
nite element analysis properties are the same with the previous
analyses. Similar to the previous examples discussed in this pa-
per, we observed a similar displacement field as well as a clear
layer separation in the delaminated region. The separation in-
side the curved composite laminate can be observed at x = 7.60
via the View Cut Manager property of ABAQUS visualization
interface.
5. Extensions and Future Work
5.1. Shell Solid Coupling
We have developed some preliminary methods in our frame-
work to couple the regional layered composite model with the
reduced dimensional complete shell structure and performed
coupled structural analysis. Figure 20 illustrates our prelimi-
nary work on shell-solid coupling of the planar composite lam-
inates. A shell model is a single sheet body representing the
shape of the base composite structure. The framework loads
the shell model and cuts the arbitrary region representing the
damaged region on the shell model. The edges of the cutout
region is rounded to prevent stress concentration on the corners
during structural analysis. As previously discussed in the pre-
vious examples, the framework builds the multi-layered com-
posite laminate using the cutout region as the mold and sets the
appropriate boundary conditions between the layers.
In order to couple the shell model with the layered structure,
the framework also sets the boundary conditions between the
layers and the shell model. To set these boundary conditions,
the framework first identifies the inner loop defining the cutout
region and then, it finds the middle points of each edge in the
inner loop and a corresponding surface normal vectors evalu-
ated on the shell model. Then, the framework translates the
evaluated middle points along the normal vector by half of the
thickness value and then finds the closest points corresponding
to the side faces of the composite laminate. This process is re-
peated for each layer generated from the cutout region of the
shell model.
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(a) (b) (c) (d)
Figure 18: 8-layered delaminated composite laminate generated by the automated framework with a trapezoidal stiffener element. (a) shows location of the
delaminations on the edge between the 1st and 2nd layers, and under the stiffener in the middle of 4th and 5th layers with the markers representing the fixed boundary
conditions for each layer, (b) shows the boundary conditions and the loading setup, (c) shows the edge delamination on the deformed composite laminate after static
bending, and (d) displays a cut-view of the delaminated section between 4th and 5th layers (position x = 10.99, deformation scale factor = 20, showing only feature
edges).
(a) (b) (c) (d)
Figure 19: Bending test of a 8-layered delaminated curved composite laminate generated by the automated framework. (a) shows the location of the delamination
inside the laminate model, (b) shows the fixed edges and the loading direction, (c) shows the displacement field (Umagnitude), and (d) displays a cut-view of the
delaminated section between 2th and 3rd layers (position x = -7.60, deformation scale factor = 5, showing only feature edges).
Figure 20(a) illustrates the fixed boundary conditions on the
shell model and the loading setup for the static bending. The
load direction is on -z direction and all the analysis parameters
are the same used on the previous examples. The framework
also sets tie boundary conditions (not shown on the figure) be-
tween the shell model and the assembled inner composite lam-
inate. Figure 20(b) displays displacement field after a static
bending analysis. We used a course mesh of size 3.0 mm for
the shell structure to speed up the analysis. Figure 20(c) and
Figure 20(d) show displacement and stress fields of the inner
5-layered composite laminate, respectively. As expected, the
largest displacement is observed at the middle region of the in-
ner composite laminate and the stress field is uniform with min-
imal stress concentration at the corners of the inner composite
laminate. This is still preliminary work and more validation of
the coupling needs to be performed to perfect the method.
5.2. Framework Extension
The automated framework can be extended in two different
ways: (1) adding new features, such as a new composite feature
(e.g. stiffener or a damage model) and (2) extending it to dif-
ferent modeling platforms. Since the automated framework is
designed using Separation of Concerns principle, all the com-
ponents of the automated framework can be replaced with alter-
native implementations. For instance, the Layer structure only
acts as a data container and the modeling API only deals with
the solid modeling kernel and the FEA package. Interaction of
these components are handled using the abstract base classes
which are implemented with no dependencies to the external
software packages.
Adding a new feature to the framework can be performed
by implementing the model generation operations in the mod-
eling API. For example, if the user wants to implement a T-
stiffener, the only requirement is creating the function that gen-
erates the CAD representation of the molds that would allow
the automated framework to generate a T-stiffened layer. The
Layer structure is capable of storing multiple solid bodies and
offsetting and imprinting operations are designed to be shape-
agnostic. Therefore, the user does not need to change any of
the internal functionality related to layer generation or damage
incorporation.
The automated framework is also designed to allow integra-
tion with different solid modeling kernels and FEA software
packages. The design perspective of the CAD Model Builder
is hiding the complexity of the solid modeling kernel APIs, di-
rectly providing users a simplified interface to generate com-
posite laminates with or without artifacts, such as delamina-
tions or stiffeners. To attain this perspective, the CAD Model
Builder utilizes the best practices to maintain low coupling and
high cohesion between the its components while exporting only
the necessary functionality to the Model Builder API. The sub-
components of the CAD Model Builder handling the geometric
representations and operations are implemented using generic
programming techniques to allow different implementation sce-
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(a) (b) (c) (d)
Figure 20: Shell-solid coupling of the 5-layered planar composite laminate region with the shell model. (a) shows the boundary conditions and loading setup of
the shell model and the 5-layered composite laminate constructed by cutting an arbitrary rectangular region on the shell model, (b) shows the displacement field
(Umagnitude) of the shell model meshed coarsely (3.0 mm), (c) shows the displacement field of the constructed 5-layered planar composite laminate, and (d) displays
the stress field of the same region.
narios (or allow different configurations). The main model-
ing component of the CAD Model Builder is generalized up
to the most possible extent; the common operations, such as
file reading, face adjacency list generation, interaction with the
sub components, are implemented in the base classes and the
functionality which requires interaction with the solid model-
ing kernel is implemented in the subclasses.
The software design perspective of the FE Model Builder is
creating a thin layer on top of the finite element software pack-
age API, allowing the existing finite element software users to
directly apply their knowledge without the need to learn an-
other API. The flexibility of the FE Model Builder comes from
its integration with the code generation component. Since the
framework is mainly designed to be used only to generate the
code that could be executable by the FEA software package,
changing the configuration of the FE Model Builder would al-
low users to use any finite element software package which al-
lows a scripting interface.
The most important challenge we foresee in extending the
framework is the difference between the modeling algorithms
used by the solid modeling kernels. Although most solid mod-
eling kernels provide similar APIs, the operational differences
between them disallow users to switch them on the fly or mak-
ing them inter-operate with small changes. Even though the
design of the software is extensible, a huge amount of testing
might be required to extend the framework to a different solid
modeling kernel. The same also applies to the finite element
software package.
5.3. Limitations
There are some challenges and limitations to the current im-
plementation of the framework. For example, we have not im-
plemented a more complex composite manufacturing processes
that include features such as T-stiffeners, resin buildup, fillers,
layer drop-off, etc. These features can be specifically addressed
as extensions to the framework as described in the previous sec-
tion. These will include adding a modeling component to the
CAD Model Builder and setting up the appropriate boundary
conditions using the FE Model Builder. For example, the layer
drop-off can be modeled similar to the hat-stiffener with one
layer ending in the middle of an existing layer and generating a
new mold shape that forms the top surface of all bonded layers.
We have not independently validated the results of the struc-
tural analysis. We only use well validated FE models available
in ABAQUS and the results obtained were exactly the same as
those that would have been obtained on manually setting up
the models in ABAQUS. The composites models in ABAQUS
have been well validated by previous studies [10, 20]. In addi-
tion, the quantitative displacement results in the models are on
the same order as those that would be expected from theoretical
analysis using classical composite plate theory.
5.4. Future Work
Future work on the automated and integrated framework will
focus on incorporating different geometries of composite stiff-
eners, such as T stiffeners and grid stiffeners. We will also fo-
cus on implementing stiffeners to the curved composite struc-
tures. Furthermore, we will work on more complicated shape
examples of performing multi-scale analysis of large compos-
ite structures, such as curved shell models and arbitrary cutout
regions. Such models can then be used to predict the influence
of defects in a relatively small region on the residual strength of
the large and complex-shaped composite structures.
In addition to new geometric features, we will also work
on extending the framework to different solid modeling ker-
nels and FEA packages. Although such an extension would
require extensive testing and will be heavily dependent on the
FEA methods implemented in the corresponding software, it
will allow users more flexibility on choosing the CAD and FE
software. In addition, it will also help in the wider adoption of
the framework by researchers.
6. Conclusions
We have presented an automated framework for building
composite laminates with defects for structural analysis. Our
framework can incorporate complex structures such as stiffen-
ers into a layer-by-layer CAD model of composites. The frame-
work automates the model setup process, thereby removing te-
dious operations needed for setting up the boundary conditions
in the model before analysis can be performed. In addition, the
framework can incorporate complicated delamination shapes
obtained from ultrasonic testing of the composite between the
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corresponding layers of the laminate. The framework then au-
tomates the process by generating a CAD model and a corre-
sponding script that can correctly set up the boundary condi-
tions to perform structural analysis. In addition, we have devel-
oped preliminary methods to couple the detailed layer-by-layer
model with defects with a lower dimension shell model of the
entire structure. Incorporating such high-fidelity damage mod-
els can improve the accuracy of residual strength predictions
and can lead to better decisions regarding repair of damaged
composite structures.
We will be releasing our framework as a free and open-source
project publicly on GitHub. Open-sourcing would allow wider
adoption of the framework and allow users to integrate it with
their own composites modeling pipeline. In addition, they can
extend the framework to their specific requirements with var-
ious solid modeling kernels and finite element software pack-
ages.
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 Framework for integrated modeling and structural analysis of layered composites
 Create a layer-by-layer composites model replicating the manufacturing process
 Ability to model composite stiffeners and include defects such as delaminations
 Automatically assemble layers and apply appropriate boundary conditions for FEA
 Code generator that permits CAD and FE models to be generated in parallel
